The objective of this study was to determine the effects of GDF-9, IGF-I, and GH alone or combined on preantral follicle survival, activation and development after 1 and 7 days of in vitro culture. Either fresh (non-cultured) or cultured ovarian tissue was processed for histological and fluorescence analysis. For all media tested, the percent of normal follicles was greater when compared to minimum essential medium supplemented (MEM + ) alone, except when ovarian tissue was cultured with GDF-9/ IGF-I or GDF-9/GH (P < 0.05). Fluorescence analysis showed that the percent of viable follicles after 7 days of culture was similar for non-cultured tissue and for all treatments tested. The percent of primordial follicles was reduced (P < 0.05) and there was a significant and concomitant increase in the percent of intermediate and primary follicles in all treatments tested after 7 days of culture when compared to non-cultured tissue. After 7 days of culture, the highest percent of intermediate follicles was observed with IGF-I/GH (61.3%), and the highest percent of primary follicles was achieved with IGF-I (57.7%). After 7 days of culture in MEM + containing GDF-9, IGF-I and GH alone or in all associations, a significant increase in follicular diameter was observed when compared to MEM + alone and non-cultured tissue. In conclusion, GDF-9, IGF-I and GH alone or in combination maintain preantral follicle survival and promote primordial follicle activation. Nevertheless, the data showed that IGF-I/GH and IGF-I alone are efficient in promoting the transition from primordial to intermediate follicles and from intermediate to primary follicles, respectively.
Introduction
It is necessary to develop culture strategies that support the activation and sustained in vitro growth of primordial follicles in order to maximize the reproductive potential of ovarian tissue (1) . Progress in culture systems that can support growth and development of preantral follicles in domestic species has been slow when compared with mice, for which complete growth can be achieved, resulting in the production of live mice (2) .
Although the mechanisms regulating the activation and subsequent growth of primordial follicles remain poorly understood, accumulating evidence indicates that follicular development depends on the presence of oocyte/granulosa cell interactions and on the secretion of a range of local factors, e.g., growth differentiation factor 9 (GDF-9), bone morpho-
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genetic proteins, activin, inhibins, basic fibroblast growth factor, insulin-like growth factor I (IGF-I), and epidermal growth factor (3). GDF-9 has been located in the oocytes of mice (4, 5) and rats (6) , and in human (7) primary follicles. Nilsson and Skinner (8) have shown that GDF-9 promotes the development of primary follicles in neonatal rat ovaries. Furthermore, recent studies have shown that GDF-9 stimulates the in vitro growth of preantral follicles and thecal cell differentiation in the rat (5, 9) as well as primary and early secondary follicle formation in human ovarian slices in vitro (10) . Recently, we have demonstrated that GDF-9 promotes in vitro follicular survival, growth and progression to the secondary follicle stage in goats, maintaining follicular ultrastructure (11) . There is a growing body of evidence showing that IGF-I plays a key role in the development of preantral follicles and in the process of follicular atresia. When added during in vitro culture of preantral follicles, IGF-I has been shown to stimulate follicular growth in humans (12) , cattle (13) , rats (14) , and mice (15) in synergy with follicle-stimulating hormone. In the rat, IGF-I added during in vitro preantral follicular culture significantly increased follicular diameter and DNA content (14) . For secondary follicle growth, supplementation of culture medium with IGF-I effectively maintained oocyte survival and stimulated the growth of goat follicles cultured in vitro (16) . The development of preantral follicles has generally been considered to be largely independent of gonadotrophins and pituitary hormones. However, increasing evidence indicates that growth hormone (GH), in addition to having metabolic effects, is involved in the regulation of ovarian functions, including the preantral stage of development (14, 17) . In vitro studies in immature mice showed a stimulatory effect of GH on preantral follicle development and follicular cell proliferation that is synergistic with IGF-I (15, 18, 19) . GH may thus be particularly important in the recruitment of follicles and the initiation of oocyte growth, perhaps by adjusting nutritional status to the number of growing oocytes (20) . Furthermore, GH has been shown to enhance cell proliferation and steroidogenesis of cultured granulosa cells in rats (21) and in cattle (22) , pointing out an important role of this hormone in the regulation of follicular growth. Early studies assumed that IGF-I was the sole mediator of GH action in the ovary, since IGF-I or GH enhances steroid production to the same extent in rats (23) and GH usually increases follicular-luteal IGF-I in cows (24) . Although some actions of GDF-9, GH and IGF-I on ovaries have been well analyzed in some mammalian species, little is known about their interaction on the development of goat preantral follicles. The present study was designed to investigate the possible effect of the interaction of GDF-9, IGF-I and GH on the survival, activation and growth of goat preantral follicles cultured in vitro.
Material and Methods
Chemicals GDF-9, GH and IGF-I were purchased from Cell Science (USA) and, unless otherwise mentioned, culture media and chemicals used in the present study were purchased from Sigma Chemical Co. (USA).
In vitro culture of ovarian tissue and morphological evaluation
Ovaries (N = 12) from 6 adult (1-3 years old), non-pregnant mixed-breed goats were collected at a local slaughterhouse. The animals were cycling and in good body condition. Immediately after the death of the animals, the ovaries were washed in 70% alcohol followed by two washes in minimum essential medium (MEM). The pair of ovaries from each animal was transported to the laboratory in 20 mL MEM-α supplemented with HEPES, penicillin (100 µg/mL) and streptomycin (100 µg/mL) within 1 h, at 4°C. In the laboratory, the ovaries from each animal were stripped of surrounding fat tissue and ligaments. The ovarian cortex of each pair of ovaries was then divided into 17 fragments measuring approximately 3 x 3 and 1 mm thick using a needle and scalpel under sterile conditions. One fragment was taken randomly and immediately fixed for histological examination (control). The 16 remaining fragments were placed individually in 24-well culture dishes, each well containing 1 mL culture medium. The medium used was MEM-α (osmolarity 300 mOsm/L, pH 7.2; Gibco, USA) supplemented with ITS (6.25 µg/mL insulin, 6.25 µg/mL transferrin, and 6.25 ng/mL selenium), 2 mM glutamine, 2 mM hypoxanthine, and 1.25 mg/mL BSA, which is denoted MEM + . The ovarian cortex fragments were cultured for 1 or 7 days at 39°C in humidified air with 5% CO 2 in MEM + alone or MEM + plus GDF-9 (200 ng/mL), IGF-I (50 ng/mL), or GH (10 ng/mL) alone or in combination (GDF-9 + IGF-I, GDF-9 + GH, IGF-I + GH, or GDF-9 + IGF-I + GH. Each treatment was repeated six times and the culture medium was changed every 2 days.
Morphological analysis and assessment of in vitro follicular growth
Immediately after fragmentation, pieces of ovarian cortex were immersion-fixed for 12 h in 10% neutral buffered formaldehyde, pH 6.8-7.2, to serve as non-cultured control (fresh control). After 1 or 7 days of culture in each medium, the pieces of ovarian cortex were fixed as described above, dehydrated in a graded ethanol series, clarified with xylene, and embedded in paraffin. The samples were sectioned (7-µm thick), mounted on charged slides and allowed to dry overnight at 37°C before staining with periodic acid Schiff and hematoxylin. The developmental stages of follicles have been defined as primordial (oocyte surrounded by a few flattened granulosa cells) or developing, i.e., intermediate (oocyte surrounded by flattened and at least one cuboidal granulosa cell), primary (oocyte surrounded by a complete layer of cuboidal granulosa cells), or secondary (oocyte surrounded by two or more complete layers of cuboidal granulosa cells). Primordial and developing follicles were classified as morphologically normal (follicles containing an intact oocyte and granulosa cells well-organized in layers without a pyknotic nucleus) and degenerated follicles (oocyte with a pyknotic nucleus, retracted cytoplasm or disorganized granulosa cells detached from the basement membrane), as described by Silva et al. (25) .
The percent of primordial and developing follicles was calculated on day 0 (control) and after 1 or 7 days of culture in each medium. Overall, 180 follicles were evaluated for each treatment (30 follicles per treatment in one repetition x 6 repetitions = 180 follicles). In addition, follicular diameter was measured using only normal follicles from day 0 and after culture. Follicle diameter was recorded from edge to edge of granulosa cell membrane, or from the outside edge of the theca cell layer when present. Oocyte diameter was recorded from edge to edge of the oocyte membrane. Two perpendicular diameters were recorded for each and the average of these two values was reported as follicle and oocyte diameter, respectively. It is important to note that only follicles with a visible oocyte nucleus were evaluated to avoid double counting.
Assessment of preantral follicle viability by fluorescence microscopy
The viability of the follicles cultured in MEM + alone or in MEM + with different combinations of GDF-9, IGF-I and GH was further analyzed using a more accurate method of assessment based on fluorescent probes. Pairs of ovaries (N = 4) were cut into fragments, one of which was immediately processed for follicle isolation (non-cultured tissue). The remaining fragments were cultured in vitro and then submitted to isolation and analysis.
Goat preantral follicles were isolated from ovarian fragments using the mechanical method described by Lucci et al. (26) . Briefly, with a tissue chopper (The Mickle Laboratory Engineering Co., UK) adjusted to a sectioning interval of 75 µm, samples were cut into small pieces, which were placed in MEM, resuspended 40 times using a large Pasteur pipette (diameter of about 1600 µm), and subsequently resuspended 40 times with a smaller Pasteur pipette (diameter of approximately 600 µm) to dissociate preantral follicles from the stroma. The material thus obtained was passed through 100-μm nylon mesh filters, resulting in a suspension containing preantral follicles smaller than 100 μm in diameter. This procedure was carried out within 10 min at room temperature.
Preantral follicles were analyzed using a two-color fluorescence cell viability assay based on the simultaneous determination of live and dead cells with calcein-AM and ethidium homodimer-1, respectively. While the first probe detected intracellular esterase activity of viable cells, the latter labeled nucleic acids of non-viable cells with plasma membrane disruption. The test was performed by adding 4 μM calcein-AM and 2 μM ethidium homodimer-1 (Molecular Probes, Invitrogen, Germany) to the suspension of isolated follicles, followed by incubation at 37°C for 15 min. After labeling, follicles were washed once by centrifugation at 100 g for 5 min and resuspension in MEM, mounted on a glass microscope slide in 5 μL antifading medium (DABCO, Sigma, Germany) to prevent photobleaching, and finally examined using a TI fluorescence microscope (Nikon) equipped with a custom Nikon DS-U1 color camera. Digital images were acquired with the Lasersharp 2000 software under Windows XP. The emitted fluorescent signals of calcein-AM and ethidium homodimer-1 were collected at 488 and 568 nm, respectively. Oocytes and granulosa cells were considered to be live if the cytoplasm stained positively with calcein-AM (green) and if chromatin was not labeled with ethidium homodimer-1 (red).
Statistical analysis
Kolmogorov-Smirnov and Bartlett tests were applied to confirm normal distributions and homogeneity of variance, respectively. Analysis of variance was then performed using the GLM procedure of SAS (1999) and the Dunnett test was applied for comparison of control groups against each treatment tested (27), while the SNK test was used to compare different treatments and days of culture. Data are reported as means ± SD, and the level of significance was set at P < 0.05 for all analyses.
Results

Effect of GDF-9, IGF-I and GH on the in vitro survival of preantral follicles
Histological analysis showed the presence of degenerated ( Figure 1A ) and normal ( Figure 1B ) follicles in cultured ovarian cortical fragments. In degenerated follicles, shrunken oocytes with a pyknotic nucleus or disorganized granulosa cells were observed. A total of 1950 follicles were counted to evaluate follicular morphology, activation and growth. or 7 days of culture in different media. After 7 days, the percent of normal follicles cultured with GDF-9 was similar (P > 0.05) to that observed in non-cultured tissue (82.66%), indicating the importance of this factor for the maintenance of follicular survival. After 7 days of culture, the percent of histologically normal follicles in all media tested was higher (P < 0.05) when compared to MEM + , except when the ovarian cortex was cultured with GDF/IGF and GDF/GH. Moreover, after 7 days, the number of normal follicles observed with GDF/IGF (44%) and GDF/GH (40%) showed the lowest percent compared with other media tested (P < 0.05). The increase of the culture period from 1 to 7 days reduced (P < 0.05) the percent of intact follicles in all media tested, except in tissues cultured in IGF/GH.
Assessment of follicle viability after culture
Based on the results of morphological evaluation, goat preantral follicles were isolated from fresh control and ovarian fragments cultured for 7 days with MEM + or MEM + plus GDF-9, IGF-I and GH, each alone or in different combinations. A viability assay was performed using isolated follicles from fresh and cultured ovarian fragments from all treatments. A fluorescence cell viability assay based on the labeling of live and dead cells by calcein-AM and ethidium homodimer-1, respectively, was employed. Viable and non-viable preantral follicles after in vitro culture are shown in Figure 3 . The percent of viable follicles after seven days of culture was similar for MEM + and all treatments tested (Table 1) .
Goat primordial follicle activation and growth during in vitro culture
In fresh tissue, the percentages of primordial, intermediate and primary follicles were 72.7, 21.2, and 5.34%, respectively. After 1 and 7 days of culture, the percent of primordial follicles ( Figure 4A , P < 0.05) was significantly decreased in all media tested compared to non-cultured tissue. When compared to MEM + alone, all media tested showed a reduction in the percent of primordial follicles only after 7 days of culture ( Figure 4A , P < 0.05). Regarding the progression of the culture period (from day 1 to 7), a significant decrease in the percent of primordial follicles was observed in all media tested except in GDF-9/GH ( Figure 4A , P < 0.05). In contrast, there was a significant and concomitant increase in the percent of intermediate ( Figure 4B , P < 0.05) and primary ( Figure 4C , P < 0.05) follicles in all treatments tested after 7 days of culture when compared with non-cultured tissue. There was a significant increase in the percent of intermediate follicles cultured for 1 day with IGF-I when compared to MEM + ( Figure 4B , P < 0.05). After 7 days of culture, the addition of IGF-I/ GH to MEM + increased the percent of intermediate follicles when compared to MEM + alone and the other media tested ( Figure 4B , P < 0.05). With the progression of the culture period, the addition of IGF-I to the culture medium promoted a decrease in the percent of intermediate follicles, while IGF-I/GH increased the rates of intermediate follicles ( Figure 4B , P < 0.05). After 1 day of culture, all media showed an increase in the percent of primary follicles when compared with non-cultured tissue, except when GH and GDF-9/IGF-I were used ( Figure 4C , P < 0.05). The percent of primary follicles cultured after 7 days in medium containing IGF-I was similar to that observed in medium containing GDF-9 (P > 0.05) and higher compared to the other treatments ( Figure 4C , P < 0.05). With the progression of the culture period from 1 to 7 days, the percent of primary follicles was significantly increased in all media tested, except in MEM + alone and MEM + plus GDF-9/GH and IGF-I/GH ( Figure 4C , P < 0.05). The percent of secondary follicles was not compared due to an insufficient number of follicles for statistical analysis.
After 1 and 7 days of culture, the addition of GDF-9, IGF-I and GH alone or in different combinations to MEM + promoted a significant increase in the follicular diameter of unilaminar follicles, i.e., primordial, intermediate and primary follicles together, when compared to non-cultured tissue and MEM + alone (Table 2, P < 0.05), without differences between treatments (P > 0.05). With the progression of the culture period, a significant increase in follicular diameter was observed in all treatments tested, except MEM + alone (Table 2, P < 0.05).
Discussion
The present study demonstrated for the first time the effects of GDF-9, IGF-I and GH in different combinations on goat preantral follicle survival, activation and growth during 7 days of culture. Moreover, the viability of preantral follicles obtained from cultured ovarian tissue, was confirmed in all treatments over the course of 7 days by fluorescence analysis. The concentrations used in this experiment were chosen on the basis of the best results obtained by our group using a dose-dependent curve. In the present study, we observed a significant effect of GDF-9, IGF-I and GH alone or combined, enhancing the survival of goat preantral follicles, except when GDF-9/IGF-I and GDF-9/GH were used, since there was no synergistic effect between these compounds when combined. Orisaka et al. (28) suggested that GDF-9 promotes follicular survival and growth during the preantral to early antral transition by suppressing granulosa cell apoptosis and follicular atresia. Deletion of the GDF-9 gene in mice blocked folliculogenesis at the primary stage, demonstrating the importance of this growth factor in early follicular development (29) . Subsequent studies have shown
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that treatment with GDF-9 stimulates granulosa cell proliferation in rats (9) , preantral follicle growth in humans (30) and goats (11) and cumulus cell expansion in humans (31) and results in a higher proportion of viable human follicles in organ culture, suggesting a possible role for GDF-9 in follicular survival (10) . Moreover, the presence of GDF-9 in primary and later-stage goat follicles (32) suggests that GDF-9-mediated signaling events may be important for the development of preantral follicles in this species. In the current study, after 1 and 7 days of culture, we observed a greater follicular activation (i.e., the transition from primordial to intermediate follicles) with all tested treatments compared to control. Follicular activation in MEM + probably occurred because this medium is enhanced with nutrients such as amino acids and carbohydrates (33) . However, in our culture conditions, an elevated activation was observed after the addition of IGF/GH to the culture medium. Follicular activation has been obtained in previous studies in goats (11) , cows (34, 35) and baboons (36), in which the number of primordial follicles was dramatically reduced, with a concomitant increase in the number of developing follicles after in vitro culture of ovarian tissue. Studies have demonstrated that GH stimulates the production of IGF-I and its messenger RNA (mRNA) in porcine granulosa cells and rat ovary (37). Using human recombinant GH, in vitro studies with mouse follicles have shown that GH plays an important role in controlling the earlier phases of follicular development because of its stimulatory effect on secondary follicle formation in vitro (15) . Likewise, Zhao et al. (14) detected a similar growth promoting effect of IGF-I on rat preantral follicle development when bovine GH was added to the culture medium at concentrations of 1, 10, or 100 ng/mL. Nevertheless, in the present study, the highest percent of primary follicles was observed with IGF-I alone. This increase may have resulted from the transition of intermediate to primary follicles. Alternatively, IGF-I may have improved survival of the pre-existing primary follicles. This would agree with previous studies that have shown that IGF-I is able to suppress apoptotic DNA fragmentation in cultured rat preantral follicles, acting as an antiatretic factor (38).
In the present study, the number of secondary follicles in non-cultured and cultured goat ovarian tissue contained a low (often zero) and variable number of secondary follicles (data not shown), thereby preventing meaningful analysis. A similar conclusion was drawn for the lack of changes in the secondary follicle population in cultured bovine (34) and baboon (36) ovarian cortical tissue. Nilsson and Skinner (8) and Martins et al. (11) showed that GDF-9 may influence primary follicle progression to secondary follicles in rats and goats, respectively. Although there was the highest increase in the percent of intermediate follicles with IGF-I/GH and of primary follicles with IGF-I, no differences in follicular or oocyte diameter were observed between treatments. It is possible that intermediate or primary follicles were already large, so that we did not observe an increase in diameter, but only changes in granulosa cell morphology from flattened to cuboidal. Studies have shown that oocyte growth is often insufficient or even undetectable and the development of a thecal cell layer at the preantral stage is rarely observed (39). An increasing list of growth factors has been implicated in regulating the primordial to primary follicle transition and the progression of early preantral follicle development. GDF-9, IGF-I and GH have all been demonstrated to be involved in the orderly progression of follicles through the early stages of preantral development.
GDF-9, IGF-I and GH, each added separately to the culture medium, were able to enhance follicular viability, growth and progression of primordial follicles to primary follicles after 7 days of in vitro culture. Moreover, the addition of IGF-I/ GH was more effective in promoting the transition from primordial to intermediate follicles, and the addition of IGF-I alone promoted the highest rates of primary follicles after 7 days of culture. Another set of experiments will be necessary to improve the understanding of the combined action of growth factors that control the orderly progression of follicle development. MEM = minimum essential medium; GDF-9 = growth differentiation factor 9; IGF-I = insulin growth factor-I; GH = growth hormone. A total of 1950 follicles were counted. Data are reported as means ± SD for oocyte and follicle diameter. Concentration of growth factors are given in Material and Methods. MEM = minimum essential medium; GDF-9 = growth differentiation factor 9; IGF-I = insulin growth factor-I; GH = growth hormone. *P < 0.05 compared to non-cultured tissue; + P < 0.001 compared to MEM + (Dunnett test). Values followed by different letters differed significantly between culture periods within a given medium (P < 0.05; SNK test). A total of 30 follicles were evaluated for each treatment. and primary (C) follicles in non-cultured tissue (control) and in tissue cultured for 1 and 7 days in MEM + and MEM + plus GDF-9, IGF-I and GH alone or combined. MEM = minimum essential medium; GDF-9 = growth differentiation factor 9; IGF-I = insulin growth factor-I; GH = growth hormone. Concentration of growth factors are given im Material and Methods. *P < 0.05 compared to non-cultured ovarian cortex (control). + P < 0.05 compared to MEM + (Dunnett test). Values followed by different capital letters differed significantly between culture periods within a given medium; values followed by different lower case letters differed significantly between treatments (SNK test).
